Internal stresses in pre-stressed micron-scale aluminum core-shell particles and their improved reactivity
I. INTRODUCTION
Interest in reaction of aluminum (Al) particles with various oxidizers is based on the high energy density of Al and possibility to reach high reaction rates and flame speeds. Thus, Al nanoparticles with different oxidizers (e.g., MoO 3 ) produce flame speed ups to 1 km/s. [1] [2] [3] [4] [5] Such high reaction rates were explained by postulating a new mechanochemical reaction mechanism coined the melt-dispersion mechanism (MDM), 4, [6] [7] [8] which for fast heating rates substitutes the traditional diffusion mechanism. [9] [10] [11] The key point of the MDM is that Al melting is accompanied by a 6% volumetric expansion strain, which generates pressures of 1 to 3 GPa in the molten Al core and tensile hoop stress r h in the Al oxide shell that exceeds 10 GPa and the ultimate strength of alumina. During fast heating and, consequently, loading, such stresses do not have time to relax and cause the dynamic fracture and spallation of the alumina shell. Spallation of the shell causes the pressure to approach zero at the bare Al surface, while pressure within the molten core does not initially change. This pressure imbalance produces an unloading spherical wave propagating to the center of the core, which generates a tensile pressure up to 8 GPa at the center in the reflected wave. Such a pressure wave significantly exceeds the cavitation limit of liquid Al and disperses the Al core into small bare fragments. Convective gas flow and multiple particle collisions facilitate this mechanism. Thus, MDM transforms a single Al particle covered by an Al 2 O 3 shell into hundreds or thousands of smaller bare molten particles, and reaction is no longer limited by diffusion through the initial oxide shell.
In addition to some qualitative confirmations summarized in Ref. 8 (see also Ref. 12) , one of the main quantitative confirmations of the MDM is related to reproduction of a sophisticated relationship between the relative flame propagation rate V/V max and the relative particle size M ¼ R/d. 4, 6, 8, 13 Here, V is the flame propagation rate and V max is the maximum possible flame propagation rate in the given experimental set-up under the same conditions (e.g., same initial bulk density of reactive mixture, oxidizer, stoichiometry, etc.); R is the radius of the Al core and d is the shell thickness. Flame rate V max is achieved for nanoparticles. This equation enabled predictions (e.g., that are exactly opposite to those based on the diffusion mechanism) and suggested methods to increase the flame propagation rate and particle reactivity. Since for large M, V/V max tends to a finite value (i.e., 0.4-0.5 for Al), activation of the MDM and high flame rates were predicted and confirmed experimentally for 1-4.5 lm particles. 13, 14 These studies suggest that micron-scale Al particles have the potential for demonstrating high reactivity in accordance with the MDM.
Another prediction is that creating initial compressive stress in the shell and tensile stress in the core would delay shell fracture during heating and increase V/V max . 6 This prediction is based on the obtained relationship 6 that V/V max is equal to the concentration of molten Al in Al core that causes fracture of the oxide shell. That means that only the part of the Al core that is molten at the instant of shell fracture is dispersed and participates in reaction while the flame front passes through. By producing initial compressive stresses in the shell, we strengthen the shell against fracture under action of internal pressure during Al core melting. That means that a higher concentration of melt is required to fracture the shell, which (due to obtained equality of melt concentration and V/V max ) increases V/V max . Thus, MDM predicts increased reactivity of Al particles by increasing the temperature T 0 at which internal thermal stresses in the coreshell system are zero. Traditionally, T 0 coincides with the temperature at which the initial oxide shell is formed, i.e., in most cases room temperature. Heating and annealing Al nano-and micron-scale particles at higher temperature T a lead to relaxation of internal stresses and changed T 0 to T a . For the fast quench rate, these stresses may not have time to relax during cooling and T 0 remained T a . Such change in T 0 to 378 K increased flame rate for Al þ MoO 3 by 31% for nano-Al and by 41% for micron-Al particles, 15 both in quantitative agreements with theoretical predictions. Reference 16 was focused on micron scale particles and increase T 0 to four values in a range 383-473 K. The best treatment increased flame rate by 36% and reaches 68% of the flame rate of the best Al nanoparticles in the same set up. This has important practical implication, because micron particles are 30-50 times less expensive than nanoparticles and do not possess safety and environmental issues typical of nanoparticles.
However, in all previous works related to MDM, stresses were determined theoretically and have never been confirmed experimentally. Without strain measurements to confirm theoretical predictions, there is a possibility that observed improvement is caused by another hypothetical reason. If this would be the case, it also eliminates important confirmations of the MDM. The goal of the current paper is to measure stresses in Al experimentally before and after thermal treatment and compare results with theoretical predictions. Also, flame propagation rate will be measured for untreated and treated particles to be sure that the treatment indeed leads to increasing reactivity. We would like to mention some previous publication on the measurements of lattice parameters and stresses in Al particles, 11,17,18 but they were not related to change in T 0 due to annealing.
II. EXPERIMENTAL
Aluminum and copper oxide powders were combined to an equivalence ratio of 1.2. The aluminum (Al) powder has an average particle diameter of 5 lm, and the copper oxide (CuO) has an average particle diameter of 50 nm. Characterization of Al particles including size distribution and width of oxide shell was presented in Ref. 16 . The powder mixtures were prepared for an equivalence ratio of 1.2, then loaded into 3 mm inner diameter and 10 cm long quartz tubes containing 550 mg of powder each, i.e., 16% of theoretical mass density (TMD). Both ends of the tube were sealed with one side securing a length of Nichrome wire for thermal ignition. The filled tubes were inserted into a vacuum oven, heated to 573 K at a rate of 10 KPM, and held at that temperature for 15 min. The temperature of the powder was monitored with a thermocouple. The tubes were then cooled to room temperature by placing the tube filled powder in a refrigerator. Temperature variation is described in Ref. 16 . The averaged cooling rate is 0.46 KPS.
Each tube was placed inside a blast chamber for ignition and flame propagation experiments. The powders were ignited using a hot wire, and flame propagation was recorded with a Phantom v7 (Vision Research, Wayne, NJ) high speed camera at a rate of 63 000 frames per second and 512 Â 128 resolution. The camera was aligned perpendicular to the direction of flame propagation. Flame speed was determined by tracking the flame front through a referenced time and distance using the Vision Research Software. The resolution of the flame speed for this diagnostic is 0.1 m/s. The largest source of uncertainty in the measurement is due to repeatability and is shown for each data set in the results.
X-Ray Diffraction experiments were performed at the Advanced Light Source on beamline 12.3.2 using a micron focused synchrotron x-ray beam. Small quantity of the aluminum particles was spread over glass slides and scanned under the x-ray beam (either polychromatic or monochromatic), while a diffraction pattern was collected at each step using a DECTRIS Pilatus 1 M detector. The measured relative small shifts in the reflection positions in the Laue pattern provide the deviatoric strain tensor of the material, while the measurement of the energy of one reflection provides the dilatational component. Data were processed using the XMAS software. 19 The beamline experimental setup and capabilities have been described elsewhere. 20 Note that time between heat treatment and x-ray diffraction was 46 days, during which internal stresses partially relaxed. Selected experiments after 19 days showed larger stresses but due to insufficient statistics they will not be presented here.
III. RESULTS
Flame speeds measured for the controlled, untreated powders are 220 6 10 m/s. Once the samples are annealed to 573 K, they experience a 32% increase in flame speed measured at 291 6 10 m/s. This is a significant increase in reactivity for the composite, qualitatively consistent with data in Ref. 16 for looser powder of 8% of TMD. However, quantitatively, an increase of flame speed by 36% was obtained in Ref. 16 after annealing at 473 K. This means that further increase of annealing temperature beyond 473 K does not improve reactivity. This may be related to the fact that at cooling from such a high temperature (i.e., 573 K) internal stresses have time to partially relax and are approximately at the same level as at annealing at 473 K. That is why we will use T 0 ¼ 473 K in our estimates below. Also, the effect of larger TMD (e.g., 16% vs 8% TMD) may be partially responsible for reduced flame speed of treated and untreated particles.
X-ray diffraction analysis was performed for the samples. Fig. 1 shows the results of dilatation (i.e., volumetric) strain distribution measurements of aluminum particles that were (a) untreated and (b) annealed to 573 K. The aluminum particles annealed to 573 K and cooled to room temperature showed a significant dilatational strain increase from the baseline Al particles. An average over volume of all particles for dilatational strain is e 0 ¼ 3.9Â10
À6 for untreated particles and e 0 ¼ 2.87 Â 10 À5 for annealed particles. They produce the tensile mean stress r 0 ¼ K 1 e 0 , where
is the bulk modulus of Al at 573 K, which is 0.296 MPa before treatment and 2.18 MPa after treatment. The maximum number of counts (i.e., the maximum volume of aluminum that exhibits such a volumetric strain) is in the range 0 to 2 Â 10 À5 for untreated particles (corresponding mean stress is 0 to 1.52 MPa) and 6 to 8 Â 10 À5 for annealed particles (corresponding mean stress is 4.56 to 6.08 MPa). Figure 1 also contains the distribution of the average diffraction peak width in degrees for (c) untreated particles and (d) particles annealed to 573 K. The diffraction peak width characterizes heterogeneity of stresses within a particle. Heat treatment causes significant increase in the magnitude of stress heterogeneity. This heterogeneity is usually caused by heterogeneity in crystal orientations and consequently distribution of the elastic moduli tensor in polycrystalline Al particles. According to linear elasticity theory, the stress heterogeneity should be proportional to the applied or average stress, i.e., to the mean stress r 0 due to different thermal contraction from T 0 to room temperature. Thus, Figs. 1(a), 1(b) and 1(c), 1(d) are qualitatively consistent.
Let us compare these results with theoretical estimates based on equations for mean stress in the Al core and maximum tensile hoop stress in the Al 2 O 3 shell at the interface with the Al core, r h (see Refs. 6 and 8)
Here, subscripts 1 and 2 designate Al and Al 2 O 3 , respectively, m ¼ 1 þ 1=M, G and K are the shear and bulk moduli, C 1 ¼ C 2 are the surface stresses (in Refs. 6 and 8 these parameters are designated as surface energies) at the coreshell and shell-gas interfaces, a is the linear thermal expansion coefficient, and T is the particle temperature at the instant of strain measurement, i.e., room temperature. Since we will consider large M, from 500 to 2000, Eqs. (1) and (2) can be simplified by using a Taylor series expansion for small value m À 1 ¼ 1/M and keeping just the linear terms
Material properties are given in Table I . They differ from those in Ref. 6 because in Ref. 6 they were defined at Al melting temperature and here at room temperature. Substituting these properties in Eqs. (4) and (5), we obtain
Similar to Refs. 15 and 16, we consider that for untreated particles T 0 ¼ T r , i.e., T 0 is equal to the room temperature. For T 0 ¼ T (i.e., for untreated particles at room temperature), the first terms in Eq. (6) disappear and the contribution due to surface stress remains only. Experimental measurements gave positive r 0 ¼ 0.296 MPa for this case, which is possible for negative C only. While for liquid-liquid interface surface stress is equal to surface energy and is positive, for interfaces involving solids this is not the case and there is nothing that excludes negative interface stresses. [23] [24] [25] Also, there may be other sources of internal stresses besides thermal strain and surface stresses, e.g., internal stresses due to defects (grain boundaries, dislocations, and point defects). We can add stresses due to these sources or effectively include all of them in C, and from condition À 4C R ¼ 0.296 MPa will find C ¼ À0.074 R. For a typical particle size: R ¼ 2000 nm, C ¼ À148 MPa nm ¼ À0.148 GPa nm. This magnitude is 7 times smaller than the assumed interface energy of 1.05 GPa nm. 6 Substituting C/R in Eq. (6), we further simplify
Plot of r 0 versus M for T 0 ¼ 473 K and T ¼ 298 K is shown in Fig. 2 . In the entire range of M, values of r 0 are an order of magnitude larger than the contribution 0.296 MPa due to surface stresses and other unknown sources. Thus, these uncertainties are not important. More importantly is that the range of r 0 in Fig. 1 , from 2 to 7 MPa, overlaps with the range of experimental values that was discussed above. Thus, in experiments, the maximum volume of Al exhibits mean stresses from 4.56 to 6.08 MPa, which corresponds to M from 568 to 770 in Eq. (7). If we take d ¼ 3 nm (see Fig. 3 in Ref. 16 ), these M correspond to R from 1.704 to 2.310 lm, which are reasonable numbers for particles with a size distribution shown in Fig. 4 in Ref. 16 . Averaged over the volume experimental stress r 0 ¼ 2.18 MPa corresponds to M ¼ 1742, which for d ¼ 3 nm gives R ¼ 5.226 lm. While there may be just few such particles in the study, they produce the major contribution to the volume distribution of the particle size (see Figure 4 (b) in Ref. 16 ). Note that contribution to the flame speed according to MDM is also proportional to the total volume of melt, which led to the fracture of oxide shell during fast heating, normalized by the total volume of particles. Thus, results of experiments and theoretical predictions on the mean stress that appears after annealing are in very good agreement, which is not affected by existing indeterminacies in additional sources of internal stresses and particles geometric parameters. Despite the small level of the mean tensile stress in Al, the main effect is in producing large compressive stresses in alumina that will delay fracture of the oxide shell during fast heating in the flame. 6, 15, 16 Substituting T 0 ¼ 473 K and T ¼ 298 K in Eq. (7), we obtain r h ¼ 1.641 GPa. This is quite high stress, which is 14% of the estimated theoretical strength for alumina shell. Hoop stress is independent of M, i.e., despite the broad distribution of M and consequently r 0 , hoop stress is fixed by the value of T 0 À T. Surface stresses are negligible in Eq. (7).
IV. CONCLUDING REMARKS
The measurements of mean stresses in Al micron scale particles covered by and Al 2 O 3 shell are performed using xray diffraction with synchrotron radiation. Both untreated and heat treated (i.e., annealed at elevated temperature) particles have been studied. Also, flame speed for the mixture of these particles and CuO oxidizer has been measured. For Al particles annealed at 573 K and quenched with high cooling rate, flame rate increased by 32% in comparison with untreated particles. This improvement is consistent with experiments and MDM-based theory 16 for the temperature T 0 ¼ 473 K, at which particles are stress-free. This means that increasing annealing temperature above 473 K does not further improve reactivity for given flame propagation experiments. This may be related to the fact that at cooling from such a high temperature internal stresses have time to partially relax and are approximately at the same level as at annealing at 473 K. For this reason, T 0 ¼ 473 K is used in the theoretical estimates. Measured tensile stress in the Al core is in the range from 2 to 7 MPa, and in very good agreement with experiments for M from 0.568 to 2.310 lm. These are reasonable M values for particles with a size distribution shown in Fig. 4 in Ref. 16 . Such a relatively small stress in Al core causes a large compressive hoop stress in the Al 2 O 3 shell, r h ¼ 1.641 GPa. The hoop stress is independent of M and surface stresses and it delays fracture of the oxide shell during fast heating in the flame. 6, 15, 16 Thus, obtained results confirm that the reason of improvement of Al reactivity of Al particles in the flame is related to their pre-stressing, according to MDM. Since compressive stresses in the shell suppress diffusion, this improvement is in contradiction with traditional diffusion reaction mechanism through the alumina shell.
Note that reduction in M increases mean stress proportionally (Eq. (7)), which may enable us to perform stress measurements even with the less precise techniques. This can be done either by reducing particle size or by growing thicker shells. Also, our main goal is to quantify hoop stresses in the shell rather than in the core. This can be done if preliminary to transform shell from amorphous to crystalline. According to Ref. 26 , this does not affect flame speed.
Obtained results represent an important step in our main goal in designing Al particles for energetic applications. Instead of reducing particle size to the nanoscale, we suggest to utilize few micrometer size pre-stressed particles. They exhibit almost the same reactivity as the best nanoparticles, but are 30-50 times less expensive and do not possess safety and environmental issues.
